ABSTRACT. Glutathione (GSH) concentrations of oocytes are considered as an important marker of the cytoplasmic maturation. The present study was designed to compare GSH concentrations of in vivo and in vitro matured canine oocytes. In vivo matured oocytes were collected 72 hr after ovulation by flushing fallopian tubes after laparotomy. Ovaries were collected from bitches with different reproductive stages, and collected oocytes were divided into 2 groups according to the size viz. < 120 µm and > 120 µm in diameter and cultured for 72 hr in Tissue Culture Medium-199 supplemented with 10% FBS, 2.2 mg/ml sodium bicarbonate, 2.0 µg/ml estrogen, 0.5 µg/ml FSH, 0.03 IU/ml hCG, and 1% penicillin-streptomycin solution in the presence or absence of 50 µM β-mercaptoethanol. GSH concentrations were determined by the dithionitrobenzoic acid-glutathione disulfide (DTNB-GSSG) reductase recycling assay. GSH concentrations of immature canine oocytes were 2.9 and 3.8, 3.5 and 6.8, and 3.1 and 6.5 pM/oocyte for < 120 µm and > 120 µm in diameter oocyte groups at anestrous, follicular and luteal stage, respectively (P<0.05). In vivo matured oocytes had significantly higher GSH concentrations compared with in vitro matured oocytes. The GSH content was 19.2 pM/oocyte for in vivo matured oocytes, while 4.1 to 8.1 and 5.7 to 13.2 pM/oocyte for in vitro matured oocytes cultured in the absence or presence of β-mercaptoethanol, respectively (P<0.05). Presence of β-mercaptoethanol increased GSH synthesis in canine oocytes cultured in vitro, and oocytes collected from follicular and luteal stage was superior to anestrus oocytes. The assisted reproductive technology (ART) in domestic dogs continues to be inefficient due to inadequacies in the in vitro maturation system (IVM) [10, 23] . IVM is considered as the core step for the progress of ART in any species because only a reliable and suitable IVM technique can produce huge numbers of matured oocytes. Since the first report on IVM of domestic dog oocytes in 1976 [25] , much deliberate effort has been made to develop an efficient IVM system [3, 19, 20, 29] . However, only around 20% oocytes can progress up to metaphase II stage (M II) in most of the culture media tested [10, 25] . The early embryonic development following in vitro fertilization (IVF) is also very low, in most cases development ceases at 16 to 32 cell stage [33] . The ability of oocytes to undergo normal development involves a progression of nuclear and cytoplasmic events in a stepwise and coordinated way during oocyte maturation [22] .
The assisted reproductive technology (ART) in domestic dogs continues to be inefficient due to inadequacies in the in vitro maturation system (IVM) [10, 23] . IVM is considered as the core step for the progress of ART in any species because only a reliable and suitable IVM technique can produce huge numbers of matured oocytes. Since the first report on IVM of domestic dog oocytes in 1976 [25] , much deliberate effort has been made to develop an efficient IVM system [3, 19, 20, 29] . However, only around 20% oocytes can progress up to metaphase II stage (M II) in most of the culture media tested [10, 25] . The early embryonic development following in vitro fertilization (IVF) is also very low, in most cases development ceases at 16 to 32 cell stage [33] . The ability of oocytes to undergo normal development involves a progression of nuclear and cytoplasmic events in a stepwise and coordinated way during oocyte maturation [22] .
The relatively high glutathione (GSH) concentrations of oocytes have been considered as a marker of cytoplasmic maturation [12] . GSH is an ubiquitous intracellular free thiol that participates in many biological processes including DNA and protein synthesis, drug and chemical metabolism, and cellular protection during oxidative stress [14, 27, 34] . Besides these, GSH has established function in various reproductive processes. Increased GSH has been linked to an increase in sperm nuclear decondensation and proper formation of the male pronucleus in pigs [38] . Furthermore, oocytes GSH appears to be important for maintaining the meiotic spindle [38] . Synthesis of GSH during oocyte maturation has been reported in many species including hamster [32] , pigs [39] and cattle [7] . However, there is no report on GSH concentrations of the in vivo or in vitro matured canine oocytes.
The effect of the reproductive stage of donor bitches on the developmental competence of oocytes is a source of debate. In some earlier reports including ours [19, 20] , the reproductive stages were found to significantly influenc the nuclear maturation rate. The follicular and luteal stage were found superior to the anestrus stage [20, 29, 36] . However, some reports did not find much significant effects of the reproductive stage on nuclear maturation [15, 35] .
In the present study, we hypothesized that the GSH content may vary according to the diameter of oocytes at different reproductive stages, and that in vivo matured oocytes may have higher GSH content compared to in vitro matured oocytes. Accordingly, GSH content of immature canine oocytes collected from follicular, luteal or anestrous stage was measured. In addition, the GSH level of in vitro matured oocytes was compared with in vivo matured oocytes in the presence or absence of β-mercaptoethanol. A direct comparison of GSH content may give some hints about the intrinsic quality of oocytes at collection, and comparison with in vivo matured oocytes after IVM may indicate the suitability of the culture condition to support maturation.
MATERIALS AND METHODS
The study was conducted in accordance with the Guide for the Care and Use of Laboratory Animals in Seoul National University, South Korea. All the chemicals and reagents were purchased from Sigma-Aldrich Company, St Louis, MO, if not otherwise stated.
In vivo oocytes recovery: Five mixed breed bitches, aged between 12 m to 7 y with a body weight of 22 to 28 kg, were used to collect in vivo matured oocytes. The in vivo oocytes were collected following the standard procedure of our laboratory [21] . Briefly, laparotomy was performed 72 hr after ovulation to retrieve matured oocytes by oviductal tubes flushing method. The time of ovulation was determined by vaginal cytology and progesterone concentration of serum following our laboratory set procedure [21] . The reproductive tract was exposed by a mid-ventral laparotomy using aseptic surgical procedures. The fimbriated end of the oviduct was manipulated by a digital massage until it became extruded through the bursal slit. At that moment, the slit was expanded using fine forceps. The opening in the fimbriated end of the oviduct was located visually and a 16 gauge bulbed needle was used as a conduit, which was held in place by a surgical ligature. The base of the oviduct, just above the uterotubal junction, was made visible using digital pressure. The oviductal lumen was cannulated using a 24 gauge hypodermic needle (Angiocath TM plus, Framklin Lakes, NJ). Approximately 7 ml of collection medium Tissue Culture Medium (TCM)-199 (Invitrogen Corporation, Carlsbad, CA), supplemented with HEPES was flushed through the hypodermic needle by using a syringe. The medium passed through the oviductal lumen and the bulbed needle, and finally was deposited into a sterile plastic petri dish. The oocytes were collected from the petri dish under stereomicroscope. The oocytes were then denuded by agitating them up and down in a mouth pipette in 0.5% (w/v) hyaluronidase solution and washed 3 times with TCM-199 with 2.5 mM HEPES. A group of 8 to 12 oocytes was processed for GSH assay in each time.
Evaluation of estrous cycle stage: Estrous cycle stage was evaluated for each bitch through a combination of ovarian morphology and vaginal cytology [11] . Ovarian morphology was assessed after the ovaries were removed from the reproductive tract as described by Otoi et al. [30] . These data were compared with the owner's information about the reproductive profile of the bitch.
Collection of immature oocytes: Reproductive tracts from normal bitches greater than 12 m of age were collected after routine ovariohysterectomy at private clinics, placed immediately into physiological saline at 37°C and transported to the laboratory within 1 hr. Ovaries removed from the tract were washed free of blood in fresh PBS and minced with a #10 scalpel blade at room temperature in TCM-199 supplemented with 2.5 mM HEPES, 1% charcoal-extracted fetal calf serum (Hyclone, Logan, UT) and 1% penicillin-streptomycin solution. Oocytes with more than two layers of cumulus cells and a homogenous cytoplasm were selected for use ( Fig. 1) [15, 31] . The diameter of the selected oocytes was measured directly using a epiflurescence microscope with a calibrated microeyepiece micrometer at 200 × magnification. The oocytes were subdivided into two groups viz., > 120 µm and < 120 µm in diameter and cultured separately.
In vitro maturation: The basic maturation medium was TCM-199, supplemented with 2.5 mM HEPES, 10% fetal bovine serum, 2.2 mg/ml sodium bicarbonate, 2.0 µg/ml estrogen, 0.5 µg/ml FSH (Foltropin-V, Vetepharm Inc. Ont., Canada), 0.03 IU hCG (Intervet, Boxmeer, Netherland), and 1% penicillin-streptomycin solution. A group of 20 to 30 randomly selected oocytes with more than 120 µm in diameter were cultured for 72 hr in a 50 µl drops at 38.5°C in a humidified atmosphere of 5% CO 2 in air. β-mercaptoethanol (50 µM) was added into a basic medium according to the experimental designs.
Measurement of glutathione concentration: The glutathione content of oocytes was measured as described by Funahashi et al. [12] . Five microliter of 0.2 M of sodium phosphate containing 10 mM Na 4 -EDTA (assay buffer) and 5 ml of 1.25 M phosphoric acid (Fluka, Buchs, Switzerland) were added to a 1.5 ml microfuge tube containing 10 denuded oocytes. Samples were frozen at -80°C. Thawed oocytes were broken by pipetting and they were frozen again until analyzed. Concentrations of GSH in the oocyte were determined by the dithionitrobenzonic acid-glutathione disulphide (DTNB-GSSG) reductase-recycling assay. Briefly, 700 ml of assay buffer containing 0.29 mg/ ml NADPH and 100 ml of 0.75 mM 5,50-dithio-bis (2-nitrobenzonic acid) was mixed with 190 ml of water in the microfuge tube. After warming at room temperature for 15 min, 10 ml of 250 IU/ml GSH reductase solution was added to the tube to start the reaction. The formation of 5-thio-2-nitrobenzonic acid, which has an absorption peak at 412 nm, was followed continuously with a spectrophotometer Beckman DU-40 a 412 UV for 2 min in 1 sec intervals. This amount was divided by the number of oocytes. GSH concentrations in oocytes were calculated from a standard curve. GSH concentrations of a group of ascending numbers of porcine oocytes (10, 20, 30 and 40 oocytes) were also measured for the validation of the assay.
Experimental design: Experiment 1 was designed to compare the GSH content of immature canine oocytes collected from follicular, luteal or anestrous stage. The selected oocytes were denuded by vortexing for 5 min in 0.5% (w/v) hyaluronidase solution, washed 3 times with TCM-199 with 2.5 mM HEPES and divided into 2 groups according to the oocyte diameter. A group of 10-15 oocytes was preserved in 5 µl water at -80°C until the assay was performed.
Experiment 2 was designed to compare the GSH content of in vivo and in vitro matured canine oocytes. Oocytes with enclosed cumulus cells was cultured according to the size in presence or absence of 50 µM β-mercaptoethanol. After a 72 hr maturation culture, oocytes were denuded, washed and preserved in a group of 10 to 15 oocytes in 5 µl water at -80°C until the assay was performed. β-mercaptoethanol (50 µM) was selected based on our previous study [19] . The GSH content in in vivo matured oocytes (8 to 12 in each group) were measured and compared with that of in vitro matured oocytes.
Statistical analysis: Data were analyzed using GraphPad Prism version 4.0. Oocytes were randomly distributed within each experimental group and experiments were repeated 5 times. Data were transformed by arcsine before analysis and 2-way ANOVA was used for analysis. Bonferroni post test was used to compare between different groups. As no interaction between the reproductive stage and culture condition was observed, one-way ANOVA followed by Tukey test was used to compare GSH concentrations of different culture condition and in vivo matured oocytes. In each case a P value less than 0.05 was considered significant.
RESULTS

GSH content of immature canine oocytes:
The GSH content of immature canine oocytes collected from different reproductive stages are shown in Fig. 2 . No differences were observed in the GSH content of oocytes among different reproductive stages in oocytes with less than 120 µm in diameter. GSH concentrations were 2.9, 3.5, and 3.1 pM/ oocytes for anestrous, follicular and luteal stage, respectively. In oocytes with more than 120 µm in diameter, follicular oocytes had significantly high GSH content compared with anestrus oocytes. In anestrus oocytes, GSH content did not vary according to oocyte diameter. In the follicular and luteal stage, oocytes with >120 µm in diameter (6.7 and 6.5 pM/oocytes for follicular and luteal stage, respectively) had significantly high GSH compared with oocytes <120 µm in diameter (3.5 and 3.1 pM/oocytes for follicular and luteal stage, respectively).
GSH content of in vitro and in vivo matured canine oocytes: GSH content of presumptive in vitro and in vivo matured canine oocytes are shown in Fig. 3 . The presence of β-mercaptoethanol in the IVM medium increased the GSH concentration of canine oocytes. Statistically significant differences were observed in oocytes collected from the follicular and luteal stages after β-mercaptoethanol treat- 
DISCUSSION
The results of the present study demonstrated that GSH content of canine immature oocytes vary according to the oocyte size and reproductive stage of donor bitches. The response of oocytes toward the synthesis of GSH during IVM process was also varied according to the source of oocytes, and composition of maturation media: The addition of β-mercaptoethanol was associated with increased GSH synthesis. The in vivo matured oocytes had the higher GSH content compared to in vitro matured oocytes, regardless of the source of oocyte or culture condition used in this study.
A wide variety of media like Modified Krebs Ringer Bicarbonate [24, 37] , Synthetic Oviductal Fluid [3, 16] , and complex media as TCM-199 [20, 28, 29] were used to culture the canine oocytes. Among the media studied, TCM-199 created the best conditions for supporting nuclear maturation of canine oocytes [5] . Thus, in the present study, we used TCM-199 as the base medium. On the other hand, the concentration of β-mercaptoethanol was selected based on our previous study; the dose standardization study revealed that 50 µM β-mercaptoethanol was beneficial for nuclear development of canine oocytes [19] . As far as the authors are concern, no attempt has been made to measure the GSH content of canine oocytes. Accordingly, the present study further explores the effects of β-mercaptoethanol on GSH synthesis.
GSH is produced via the β-glutamyl cycle, and the availability of precursor amino acids in the medium is a regulatory factor in GSH synthesis [26] . The intracytoplasmic GSH level is considered as a good marker of the degree of cytoplasmic maturation [12] . The addition of thiol compounds like β-mercaptoethanol, cysteine, cystine or cysteamine to the maturation medium increased the GSH synthesis in oocytes in all animal species studied such as:
cattle [8] , pigs [1] , mice [9] . In the present study, β-mercaptoethanol significantly increased GSH content in follicular and luteal oocytes during IVM. However, such beneficial effect was not observed in oocytes collected from anestrous stage. This finding can be partially explained by our previous study where significantly less oocytes reached the M II stage in the anestrous stage [19] . GSH concentrations in in vivo matured oocytes are significantly higher in M II oocytes than immature oocytes. In fact, GSH starts to increase with germinal vesicle breakdown and reaches to the peak at M II stage [40] . As we selected the presumptive mature oocytes after 72 hr culture, it is possible that more oocytes in their advanced stages of development were present in a follicular stage group, which resulted in higher GSH content.
The intrinsic quality of oocytes at collection plays a pivotal role in the success of IVM. The present study revealed a variation of GSH content of immature canine oocytes in different reproductive stages. Follicular and luteal oocytes more than 120 µm in size had significantly more GSH compared with anestrus oocytes. Similarly, an array of canine IVM experiments including our previous findings revealed that the oocytes collected from the anestrous stage were inferior in quality as they progressed significantly up to the M II stage compared to follicular or luteal stage [19, 20, 29, 36] . Oocytes collected from anestrus ovaries are mostly from atretic follicles while follicular or luteal stage follicles are either in the growing, early or mid-atretic phase. Oocytes collected from follicles in the early to mid-atresia in horses [17] and early atresia in cows [2] were found supe- rior in term of developmental competence. Again, the average size of follicles and oocytes also varies according to the reproductive stage. Songsasen and Wildt [35] reported that anestrus and luteal ovaries contain smaller sized follicles compared to the follicular stage ovaries. Similarly, in our earlier study, we found that the average diameter of ooplasm is smaller in the anestrous (136 µm) compared with follicular (165 µm) and luteal (156 µm) stage [18] . As GSH is cytoplasmic factor and the cytoplasm of anestrus oocytes are smaller in diameter, this may be responsible for lower GSH content. We divide the oocytes into more than 120 µm in size, so the size should be the same in all groups but with in the 120 µm in size the average diameter of follicular oocytes was larger. Besides the ooplasm diameter, the cumulus cells morphology also varies in different reproductive stages. In the anestrous stage, most of the oocytes have only a few layers of cumulus cells or no granulosa cells, but in the follicular and luteal stages, the oocytes obviously have more cumulus and granulosa cells (Fig. 1) . The importance of cumulus cells in the synthesis of GSH was well established [6, 13] . Thus, the number of cumulus cells may also influence the higher GSH concentrations in the follicular and luteal stage oocytes.
In vivo matured oocytes have more intracytoplasmic GSH than oocytes matured in vitro, in other species studied [4] . However, in pigs similar level of GSH was found when oocytes were matured in the presence of thiol compound [38] . In the present study, the GSH level was significantly higher in the follicular and luteal oocytes when they were cultured in the presence of β-mercaptoethanol compared to the non-supplemented group. However, the level of GSH was significantly lower compared to in vivo matured oocytes. This implies the necessity of substantial improvement of canine IVM system.
In conclusion, immature canine oocytes can synthesize the GSH during IVM and this synthesis has increased when β-mercaptoethanol was added to the maturation medium.
Variations in GSH content and response toward GSH synthesis were observed according to the reproductive cycle; follicular oocytes had higher GSH content and responded better to the GSH synthesis. The follicular and luteal oocytes are superior compared with anestrus oocytes.
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